3. DOT ACCIDENT AND CASUALTY PREDICTION FORMULA

3.1 INTRODUCTION

Many crossing hazard formulas have been developed in the past and used extensively
by those concerned with rail-highway crossing safety4. Examples are the New Hampshire
Formula, the Peabody-Dimmick Formula, the Mississippi Formula, and the Ohio Method.
Availability of the Inventory and national accident data by crossing were major
considerations which influenced development of the DOT accident and severity prediction
formula. The Inventory contains information on the physical and operating characteristics
of all rail-highway'crossings in the United States and, thus, affords an improved basis for |

rail-highway crossing accident and severity prediction.

The DOT formulas are termed "absolute" formulas since they estimate numbers of
accidents and casualties. Other formulas, such as the New Hampshire Formula, are
termed "relative” formulas since they provide an index which is associated with expected
accidents or casualties only on a relative basis, i.e., a larger index means more expected
accidents or casualties but the relationship is not linear. The distinction between absolute
and relative formulas is important when considering use of a formula to assist in
determining cost-effective allocations of improvement funds, as discussed in Section 4. If
program effectiveness is to be measured in terms of tangible benefits such as reduced
accidents, an absolute formula must be used to ensure that the benefits or alternative
actions are consistently evaluated. The use of absolute formulas, such as the DOT

formulas, is therefore recommended to support resource allocation decisions.

Both relative and absolute formulas can be used to provide rankings of crossings on
the basis of their relative hazards. A comparison of the DOT formulas with several well-
known formulas?s17 shows the DOT formulas to have significantly improved performance

in this regard.

The formulas presented here were developed using the April 1986 Inventory and the
accidents for the years 1981, 1982, 1983, 1984, and 1985. These formulas are considered
better than those listed in the previous edition of this User's Guide2, However, the results

show that the new formulas are only slightly better and the old formulas are still



useable for ranking crossings according to their expected number of accidents per year.

In addition, the new formulas are a refinement and simplification of the old formulas.

The functions of the DOT accident and severity prediction formulas are described in
Figure 3-1. The formulas provide a means of calculating the expected annual number of
accidents and casualties at a crossing on the basis of the crossing's characteristics
described in the Invenfory and the crossing's historical accident experience described in
the FRA Railroad Accident/Incident Reporting System (RAIRS). The accident and
severity predictions are produced by the DOT formulas in two steps. Predicted accidents
are obtained in the first step using a set of formulas described in Section 3.2. The
resulting accident predictions are expressed as the expected number of accidents per year
at a crossing. If desired, predicted accident severity is then obtained in the second step
using another set of formulas as described in Section 3.3. The severity calculations
depend on the use of predicted accident results from the first step. The severity
predictions for a crossing are expressed in three ways: (1) expected number of fatal
accidents per year, (2) expected number of casualty accidents per year, and (3) total
combined casualty index (a weighted combination of fatal and injury accidents per year).

3.2 DESCRIPTION OF FORMULAS FOR ACCIDENT PREDICTION
3.2.1 Overview

Accident predictions are produced by combining two independent predictions of a
crossing's accidents to produce a more accurate resultant prediction. The two

independent predictions are obtained from the following sources:

1. A formula described in Section 3.2.2 provides an unnormalized initial
prediction of accidents on the basis of a crossing's characteristics as described in
the Inventory. This formula, termed the "basic formula", is used in a manner similar

to other common formulas such as the Peabody-Dimmick formula.

2. A second prediction is provided by the actual observed accident history at a
crossing as described in Section 3.2.3. This prediction assumes that future accidents
per year are approximated by the average historical accident rate. It is referred to

as a crossing's "accident history".
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The above two independent predictions are combined as a weighted average using
the general accident prediction formula described in Section 3.2.4. This consists of

computing a weighted average value which is then multiplied by a normalizing constant.

3.2.2 Basic Formula

The unnormalized initial prediction of a crossing's accidents (a) is determined from
the basic accident prediction formula given in equation (1) below. The basic formula
produces a prediction on the basis of a crossing's characteristics as described in the
Inventory. The technique used for developing the basic formula involved applying
nonlinear multiple regression techniques to crossing characteristics stored in the
Inventory and to accident data contained in the FRA Railroad Accident/Incident
Reporting System (RAIRS). The 1981 through 1985 accident file and the April 1986

Inventory were used to develop the formula.

The resulting basic formula can be expressed as a series of factors which, when
multiplied together, yield the unnormalized initial predicted accidents per year (a) at a
crossing. Each factor in the formula represents a characteristic of the crossing described

in the Inventory. The general expression of the basic formula is shown below:
a= K xEI xDT x MS x MT x HP x HL )

where:

a = unnormalized initial accident prediction, in accidents per year at the crossing
K = formula constant

El = factor for exposure index based on product of highway and train traffic

DT = factor for number of thru trains per day during daylight

MS = factor for maximum timetable speed

MT = factor for number of main tracks

HP = factor for highway paved (yes or no)

HL = factor for number of highway lanes
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Three sets of equations are used to determine the value of each factor, one for each

of the following three categories of warning devices:

1. Passive, including the following warning device classes:

Class 1 - No signs or signals
Class 2 - Other signs

Class 3 - Stop signs

Class 4 - Crossbucks

2. Flashing lights, including the following warning device classes:

Class 5 - Special, e.g., flagman
Class 6 - Highway signals, wig-wags or bells
Class 7 - Flashing lights

3. Gates, including the following warning device class:
Class 8 - Automatic gates with flashing lights

The crossing characteristic factors for the three warning device categories are
shown in Table 3-1. Each set of factor equations should be used only for crossings with
the warning device classes for which it was designed. For example, if it is desired to
estimate the unnormalized number of accidents at a crossing with crossbucks, then the
passive set of equations should be used. If it is desired to estimate the unnormalized
number of accidents at a crossing recently upgraded from one warning device category to
another, use the formulas for the prior category and apply the effectiveness factor for the

upgrade. See Section 5.1.2 for a more detailed discussion.

The numerical value of each factor is related to the degree of correlation that a
specific crossing characteristic was found to have with crossing accident rates. For those
cases in Table 3-1 where the value of the factor is indicated as a constant 1.0, it was

found that the characteristic did not have a significant relationship to crossing accidents.

The structure of the basic formula makes it possible to construct look-up tables of
numerical values for the crossing characteristic factors. To evaluate the basic formula at

a particular crossing whose Inventory characteristics are known, the values of the factors
11
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are found in the table and multiplied together. The factor values for the three warning
device categories (passive, flashing lights and gates) are found in Tables 3-2, 3-3 and 3-4,
respectively. Detailed procedures for use of the tables and computer automation of the

accident prediction formula are presented in Section 5.1.

An inspection of the factor value tables shows that exposure index (E1), based on the
product of annual average daily highway traffic (c) and average daily train traffic (t), has
the strongest relationship to predicted accidents. All other factors can be seen as having

a weaker relationship to predicted accidents.

3.2.3 Accident History

The second independent prediction of a crossing's accident rate is derived from the
crossing's accident history. This information is obtained from the FRA RAIRS file which
contains records of all accidents that occurred at crossings. The required measure of
accident history is the ratio N/T, where N is the number of accidents which occurred at a

crossing over a period of T years.

Use of accident history, along with the unnormalized prediction obtained from the
basic formula, improves the overall prediction. This improvement comes about because
accident history serves as a surrogate for other characteristics which affect crossing
hazards but are not included in the Inventory; e.g., sight distance, or the timing of
highway and train traffic. The most accurate predictions, in theory, will result from the
use of all the available accident history, assuming crossing characteristics remained
constant. However, the extent of improvement is minimal if data for more than 5 years
are used. It is therefore recommended that only data for the most recent 5 years of
accident history be used. This ensures good performance from both the accident
prediction formula and use of the most relevant data. Accident history information more
than 5 years old may be misleading because of changes that occur to crossing
characteristics over time. If it is known that a significant change has occurred to a
crossing during the most recent 5 years, such as a warning device upgrade, only the

accident data since the change should be used.

13
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3.2.4 General Accident Prediction Formula

The general DOT accident prediction formula can be expressed as follows:

8. To (a)s T [N (2a)
’r‘:‘i?‘a’*m(“r) |

8644 B Passive
A=4.3887B Flashing lights : (2b)
Q131 B Gates

where:

A = final where accident prediction, accidents per year at the crossing,

a = initial unnormalized accident prediction from basic formula (1), accidents per

year at the crossing,

N = accident history prediyction, accidents per year, where N is the number of

observed accidents in T years at the crossing,
T, = formula weighting factor = 1.0 / (0.05 + a).

The general DOT accident prediction formula (2a) calculates a weighted average of
a crossing's unnormalized predicted accidents from the basic formula (a) and accident
history (N/T). Values of (B), obtained from Equation (2a) for different values of the
unnormalized initial prediction (a), from (1) and different accident histories (N/T) are
tabularized in Tables 3-5 through 3-9. Each table represents results for a specific number
of years for which accident history data are available. If the number of years of accident
data, T, is a fraction, the value of B can be interpolated from the tables or determined

directly from the formula.
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Referring to Tables 3-5 through 3-9, the value of (B) is determined from the
intersection of the appropriate column and row for the values of the initial prediction (a)
and the observed number of accidents (N). Thus, if a = 0.05 and N = &4, for T = 5 (Table 3-
9), the value of (B) is 0.300.

The normalizing constants used in formula (2b) are reset periodically so that the sum
of the predicted accidents (from 2a) in each group (passive, flashing lights, gates) for the
top 20 percent most hazardous crossings exactly equals the number of accidents which
occurred in a recent period for the top 20 percent of that group. Simply stated, the
normalizing constant is the ratio of the actual number of accidents to the predicted
number of accidents. In theory, these constants could be calculated for subsets of
crossings (e.g., for individual States) so that final predictions (A) would reflect the recent

experience of that subset. The efficacy of such fine tuning has not been tested by the

DOT.

An investigation of the general DOT accident prediction formula and the tables will

show the following interrelationship of A, B, a, and N/T:

I. The value of (B) will be a weighted average of a and N/T, i.e,, it will lie

between the values of a and N/T,

2. If a = N/T, then the final prediction (A) will equal a normalizing constant times
(a) or N/T.

3. If no accident history is available, T = 0, then the final prediction (A) will equal

a normalizing constant times the initial value (a) from the basic formula.

It is expected that the basic formula (1) and the accident history formula (2a) will
not change significantly in the near future. However, the normalizing constants used in
(2b) could change slightly from year-to-year as accident experience and Inventory changes
are applied. The normalizing constants will be recalculated periodically and will be
published annually in FRA's Rail-Highway Crossing Accident/Incident and Inventory
Bulletin starting with Bulletin No. 10 to be published in 1988 for Calendar Year 1987.
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3.3 DESCRIPTION OF FORMULAS FOR ACCIDENT SEVERITY PREDICTION

3.3.1 Overview

The effort to develop accident severity prediction formulas was motiviated by the
recognition that rail-highway crossing accidents are not equally severe. In recent years
about 67 percent of crossing accidents resulted in no casualties while all fatalities
resulted from only 6.6 percent of all accidents. Clearly, crossings that exhibit a tendency
toward more severe accidents, should be given priority for safety improvements. A
formula which can help in identifying these crossings will improve the safety benefits
obtained from crossing improvements. The severity prediction formulas described here

represent the results of an effort to achieve that objective6.

Two casualty prediction formulas have been developed; a fatal accident prediction
formula and a casualty accident prediction formula. When used with the accident
prediction formulas, described in Section 3.2, these two formulas provide two measures of
accident severity; predicted fatal accidents and predicted casualty accidents. A fatal
accident is defined as an accident which results in at least one fatality independent of
injuries or property damage. A casualty accident is an accident which results in at least

one fatality or at least one injury independent of property damage.

The severity prediction formulas are designed to be used with the general accident
prediction formula (2) to produce the estimates of fatal and casualty accidents per year at
crossings. The severity prediction formulas used without the accident prediction formula
produce estimates of the probability of a fatal or casualty accident given that an accident
occurred. For example, the fatal accident prediction formula estimates the probability of
a fatal accident given that an accident occurred at a crossing; i.e., fatal accidents per
accident. When this estimate is multiplied by the crossing's estimated accidents from the
accident prediction formula (2) the result is predicted fatal accidents per year at the
crossing. As an example, if a crossing has a predicted accident rate of 0.5 accidents per
year and a predicted fatal accident probability of 0.2 fatal accidents per accident, the

result will be a predicted fatal accident rate of .2 x .5 or 0.1 fatal accidents per year.

In addition to predicted fatal and casualty acciden’;s per year, a third measure of
accident severity can be obtained from use of both severity prediction formulas. This

measure, referred to as the combined casualty index (CCI), is a weighted sum of the fatal
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and casualty accident predictions. It provides a more comprehensive index of accident
severity; however, its use involves making a judgment as to the relative severity of fatal

and injury accidents.

Development of the accident severity prediction formulas involved performing
regression analyses of data on crossings which experienced accidents. The dependent
variables for the fatality and casualty regression formulas were allowed one of two values
indicating whether the accident did or did not result in a fatal or casualty accident. The
independent variables represented various characteristics of the accident crossings as
described in the inventory. Accident data for 1981 through 1985 and the April, 1986
Inventory data were used for formula development. The regression procedure used is
referred to as the "logistic discriminant method" which employs an iterative weighted
regression technique. This method is the same as that used in developing the accident

prediction formulas?.

3.3.2 Fatality and Casualty Prediction Formulas

The formulas for predicting the probabilities of fatal accidents and casualty
accidents can be expressed in terms of several factors which are combined by simple
mathematical operations in a manner similar to the basic accident prediction formula
(Section 3.2.2). Each factor in the formulas represents a characteristic of the crossing as
described in the Inventory. The probability of a fatal accident given an accident is

expressed as:
P(FAJA) = 1/(1 + KF x MS x TT x TS x UR) (3)

where: P(FAJA)

1}

probability of a fatal accident, given an accident

KF = formula constant (440.9)

MS = factor for maximum timetable train speed
TT = factor for thru trains per day

TS = factor for switch trains per day

UR = factor for urban or rural crossing
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The probability of a casualty accident, given an accident, is expressed as:

P(CAIlA) = 1/(1 + KC x MS x TK x UR) (4)

where: P(CA|A)

probability of a casualty accident, given an accident

KC = formula constant (4.481)

MS = factor for maximum timetable train speed
TK = factor for number of tracks

UR = factor for urban or rural crossing

The equations for calculating values of the crossing characteristic factors are listed
in Table 3-10 for the fatal accident probability formula and Table 3-11 for the casualty
accident probability formula. To simplify use of the formulas, the values of the crossing
characteristic factors have been tabulated for typical values of crossing characteristics.
These values are to be found in Tables 3-12 and 3-13 for the fatal accident and
casualtyaccident probability formulas, respectively. An inspection of the factor value
tables shows the relative influence of the various factors on accident severity. In the
case of fatal accident severity (Table 3-12) maximum timetable train speed has factor
values which range over two orders of magnitude while the other factor values range over
less than one order of magnitude. Maximum timetable train speed, therefore, has a much
stronger influence on fatal accident severity than the number of trains or the urban-rural
location of the crossing. For casualty accident severity (Table 3-13) the number of tracks
has a slightly greater influence on severity than maximum timetable train speed. The

urban-rural location of the crossing has the least influence on casualty accident severity.

To obtain predicted numbers of fatal and casualty accidents the fatal and casualty
accident probabilities, from equations (3) and (4) are multiplied by predicted accidents

from equation (2). Hence, the formula for predicted fatal accidents at a crossing is:

FA = P(FAIA) x A (5)
where: FA = predicted fatal accidents per year

P(FAJA) = predicted fatal accident probability from equation (3)

A = predicted accidents per year from equation (2)
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TABLE 3-10. EQUATIONS FOR CROSSING CHARACTERISTIC FACTORS FOR FATAL
ACCIDENT PROBABILITY FORMULA

Fatal Accident Probability Formula: P(FA|A) = 1/(1 + KF x MS x TT x TS x UR)

CROSSING CHARACTERISTIC
FACTOR

EQUATION FOR CROSSING
CHARACTERISTIC FACTOR

Formula constant

Maximum Timetable Train Speed Factor
Thru Trains Per Day Factor

Switch Trains Per Day Factor

Urban - Rural Crossing Factor

KF = 440.9

MS = ms-0.9981

TT = (tt + 1)-0.0872
TS = (ts + 1)0.0872
UR = e0.3571ur

where:

ms = maximum timetable train speed, mph

tt = number of thru trains per day

ts = number of switch trains per day

ur: urban crossing = 1, rural crossing = 0

ur = FCI10 (tens digit of functional classification). See page A-11.
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TABLE 3-11. EQUATIONS FOR CROSSING CHARACTERISTIC FACTORS FOR CASUALTY
ACCIDENT PROBABILITY FORMULA

Casualty Accident Probability Formula: P(CAJA) = 1/(1 + KC x MS x TK x UR)

CROSSING CHARACTERISTIC EQUATION FOR CROSSING
FACTOR CHARACTERISTIC FACTOR
Formula Constant KC = 4.48]

Maximum Timetable Train Speed Factor MS = ms-0.343

Number of Tracks Factor TK = e0.1153tk

Urban - Rural Crossing Factor UR = e0.296ur

where:

ms = maximum timetable train speed, mph

tk = total number of tracks at crossing

ur: urban crossing = 1, rural crossing = 0

ur = FC10 (tens digit of functional classification). See page A-11.
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The formula for predicted casualty accidents at a crossing is:

CA = P(CAJA) x A (6)
where: CA = predicted casualty accidents per year
P(CA|A) = predicted casualty accident probability from equation (4)
A = predicted accidents per year from equation (2)

To illustrate characteristics of the fatal and casualty accident probability formulas,
the two functions P(FA|A) and P(CAIA) are plotted as a function of maximum timetable
train speed in Figure 3-2. The figure contains five individual plots which show how the
functions change when one of the other four factors which influence accident severity
(thru trains, switch trains, tracks and urban-rural location) is varied. The values of the

factors are shown on the individual plots.

Several observations can be made regarding the characteristics of the functions.
The probability of a fatal accident, given an accident, P(FA]A) increases as a nearly linear
function of timetable train speed. Changes in the number of thru and switch trains or the
urban-rural location of the crossings do not have a major influence on fatal accident

probability.

The probability of a casualty accident, given an accident, P(CA|A) increases as a
nonlinear function of timetable train speed. Injury accident probability generally
increases rapidly with low values of timetable train speed and then gradually assumes the
upward slope of the fatal accident probability beyond 40 mph. This is initiutively
appealing since, as accident severity increases, casualities will increasingly become
fatalities and non-fatal injuries should diminish. The number of tracks at the crossing has
a significant influence on the casualty function (casualty accident probability decreases

with the number of tracks); however, the urban-rural location has only a minor influence.

3.3.3 Combined Casualty Index Formula

The severity of crossing accidents is basically determined by two factors: injuries
and fatalities. On a casualty severity scale those accidents of lower severity will tend to
have more injuries while those of higher severity will tend to have more fatalities. The

frequency distribution of accident severity tends to be the opposit_e; i.e., injury accidents
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tend to be more frequent than fatal accidents. Thus, a comprehensive indicator of total
accident casualty impacts should take into account both the number and nature (i.e.,
injuries versus fatalities) of accident casualties. Using this approach, a crossing that has,
for example, many injury accidents can be considered on the same scale as one with few

fatal accidents. The combined casualty index (CCI) formula was developed to achieve this

objective.

The CCI formula is a weighted sum of the predicted fatal accidents per year (FA)

and the predicted injury accidents per year (IA). It is expressed as:
CCl=kxFA +IA (7)

This formula can be considered an "equivalent injury” accident function. It converts fatal
accidents to equivalent injury accidents using the fatality factor k and adds this value to
the number of injury accidents. The units for CCI could be "equivalent injury accidents

per year".

The user of the CCI formula must specify a value for the constant k. This value
indicates the relative impact of fatal versus injury accidents. The user is best qualified to
determine the basis upon which an appropriate value of k is to be selected. A number of
studies have been performed that are relevant to this topicl5,16, Based on results of

accident costslé a value of 50 for k may be reasonable for users who are unsure as to

which value to use,

Making the substitution IA = CA - FA, equation (7) becomes:

CCI =k x FA + CA - FA
=(k-1)xFA +CA @)
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